Integration host factor (IHF), a multifunctional protein of E. coli, normally is required for the replication of plasmid pSC101. T. T. Stenzel, P. Patel, and D. Bastia (Cell 49:709-717, 1987) have reported that IHF binds to a DNA locus near the pSC101 replication origin and enhances a static bend present in this region; mutation of the IHF binding site affects the plasmid's ability to replicate. We report here studies indicating that the requirement for IHF binding near the pSC101 replication origin is circumvented partially or completely by (i) mutation of the plasmid-encoded repA (replicase) gene or the chromosomally encoded topA gene, (ii) the presence on the plasmid of the pSC101 partition (par) locus, or (iii) replacement of the par locus by a strong transcriptional promoter. With the exception of the repA mutation, the factors that substitute for a functional origin region IHF binding site are known to alter plasmid topology by increasing negative DNA supercoiling, as does IHF itself. These results are consistent with the proposal that IHF binding near the pSC101 replication origin promotes plasmid replication by inducing a conformational change leading to formation of a repA-dependent DNA-protein complex. A variety of IHF-independent mechanisms can facilitate formation of the putative replication-initiation complex.
Integration host factor (IHF), a multifunctional protein of E. coli, normally is required for the replication of plasmid pSC101. T. T. Stenzel, P. Patel, and D. Bastia (Cell 49:709-717, 1987) have reported that IHF binds to a DNA locus near the pSC101 replication origin and enhances a static bend present in this region; mutation of the IHF binding site affects the plasmid's ability to replicate. We report here studies indicating that the requirement for IHF binding near the pSC101 replication origin is circumvented partially or completely by (i) mutation of the plasmid-encoded repA (replicase) gene or the chromosomally encoded topA gene, (ii) the presence on the plasmid of the pSC101 partition (par) locus, or (iii) replacement of the par locus by a strong transcriptional promoter. With the exception of the repA mutation, the factors that substitute for a functional origin region IHF binding site are known to alter plasmid topology by increasing negative DNA supercoiling, as does IHF itself. These results are consistent with the proposal that IHF binding near the pSC101 replication origin promotes plasmid replication by inducing a conformational change leading to formation of a repA-dependent DNA-protein complex. A variety of IHF-independent mechanisms can facilitate formation of the putative replication-initiation complex.
The medium-copy-number plasmid pSC101 ordinarily is very stably maintained in Escherichia coli cells grown in the absence of selection. pSC101 encodes a region that initiates and regulates DNA replication (for a review, see reference 15) as well as a 375-bp cis-acting locus that mediates the distribution of plasmid copies at the time of cell division (17) ; this locus, which has been named par (for partitioning), contains PR (partition-related) segments essential for stable plasmid inheritance (34) but encodes no proteins (19) . The mechanism by which the par region accomplishes stable maintenance of pSC101 is not well understood, but results by Miller et al. (18) indicate that par affects the extent of DNA supercoiling. Possibly related to these findings is evidence that the pSC101 par locus contains a high-affinity binding site for DNA gyrase and that this site overlaps the PR segments (36) .
We and others have shown that the E. coli protein integration host factor (IHF), encoded by the genes himA and himD (hip), normally is required for the replication of pSC101 (3, 10, 29) . IHF is a multifunctional histonelike protein that can bind to specific sites on DNA and promote DNA bending (7, 12, 13, 22, 25, 27, 29, 32, 38) . A general picture that has emerged is that IHF alters DNA structure to allow proteins bound at noncontiguous DNA sites to interact with each other and/or with additional sites on DNA (21, 28) . In this way, IHF may facilitate the formation of nucleoprotein structures that affect processes such as site-specific recombination, DNA replication, DNA transposition, and transcription (see references 9 and 26 for specific references).
Bastia and coworkers have found that IHF binds to a site in the region that contains the pSC101 replication origin, resulting in enhanced regional bending of the plasmid DNA * Corresponding author. (29) . Introduction of a 3-bp substitution in this origin region binding site (ORBS) prevented detectable binding of IHF to pSC101 DNA and abolished the replication activity of the origin. These findings have led to the proposal that bending of pSC101 DNA by IHF allows the chromosomally encoded DnaA protein and the plasmid-encoded RepA protein, which bind to nonadjacent sites in the origin region and are required for pSC101 DNA replication, to be assembled into a complex that initiates replication (28, 29) .
The requirement for IHF in pSC101 replication can be bypassed by a specific mutation in the plasmid repA gene, encoding a replication initiation protein, or by mutations in the chromosomally located topA gene that reduce the activity of topoisomerase I and result in increased negative supercoiling of plasmid DNA (3, 4) . Potentially, these mutations could facilitate interaction of the DnaA and RepA proteins by inducing a topological conformation that brings together noncontiguous plasmid DNA sites in the absence of IHF (i.e., the topA mutation) or by making the DnaA-RepA protein interaction less dependent on DNA topology (i.e., the repA7 mutation, previously referred to as rep HF). If this notion is correct, various factors that alter plasmid DNA topology or promote the interaction between the DnaA and RepA proteins might suppress the effects of the IHF ORBS mutation isolated and characterized by Stenzel et al. (29) and thus enable the replication of plasmids that carry this mutation. The results of the experiments reported here, which were undertaken to investigate this question, show that mutation of the pSC101 origin region binding site for IHF is in fact circumvented by not only the repA7 and topA mutations, but also by insertion of the pSC101 par locus or a strong transcriptional promoter, both of which are known to generate localized regions of negative DNA supercoiling, near the plasmid replication ongin (2, 18) . 
MATERIALS AND METHODS
Strains, media, and general methodology. The E. coli strains used are derivatives of E. coli K-12 strain MG1655 (11) . Full genotypes of these strains are listed in Table 1. LB was used as a rich growth medium for all experiments (20) and was supplemented where required with ampicillin (Sigma) at a final concentration of 10 to 30 ,ug/ml.
Transformations were performed with CaCl2-treated cells as previously described (3) or by using the polyethylene glycol-dimethyl sulfoxide procedure described by Chung et al. (6) in which exponentially growing cultures were mixed with an equal volume of cold 2 x TSS (Luria broth [LB] plus 20% polyethylene glycol 8000, 10% dimethyl sulfoxide, and 40 mM MgCl2 [pH 6.5] ). Phenotypic expression was in LB for 1 to 2 h. Plasmid stability studies were carried out as previously described (17) , except that colonies on LB agar were replica plated to medium containing ampicillin to score for the presence of plasmid.
DNA manipulations and plasmid constructions. Plasmid DNA isolation, agarose gel purification of restriction fragments, and DNA endonuclease and other DNA modification enzyme use were as described previously (3) .
The triple mutation in the pSC101 origin region IHF binding site constructed by Stenzel et al. (29) has been named ori-i. ori-i plasmids pZC117 and pZC118 (Table 1) were made by replacing the 312-bp AvaI-SpeI ori+ fragment of pZC20 (par' ori+ repA+ Apr pSC101 [3] ) or pZC52 (repA7 mutant of pZC20 [4] ) with that from pTS50 (pBR322:: pSC101 ori-i). ori+ control plasmids pZC115 and pZC116 were similarly made by replacing the 312-bp AvaI-SpeI ori+ fragment of pZC20 or pZC52 with that from pTS100 (pBR322::pSC101 ori+). Plasmids pTS50 and pTS100 were constructed and provided by T. Stenzel and D. Bastia.
Deletions of par were isolated in plasmid pZC20, pZC52, pZC117, and pZC118 (Table 1) . Restriction enzyme HaeII cleaves these pSC101 derivatives at two locations. To isolate deletions of the HaeII site present in the par locus, the plasmids were linearized with HaeII in the presence of 20 ,ug of ethidium bromide per ml. Linearized plasmid DNA was gel purified and then treated with T4 DNA polymerase plus deoxynucleoside triphosphates (dNTPs) to remove the 3' extensions prior to recircularizing by treatment with T4 DNA ligase. This yielded plasmids pZC119, -120, -121, and -122.
EcoRI-AvaI par deletions were isolated after digestion with EcoRI and AvaI, blunt ending with Klenow plus dNTPs, and recircularizing with ligase. This yielded plasmids pZC132, -133, -134, and -135.
Plasmids pZC141 and -143 were made by inserting a 375-bp EcoRI-BamHI fragment from pBR322 (5), carrying the tetA promoter and 5' portion of the tetA gene into the EcoRI site in plasmids pZC132 and pZC134, respectively. Ligation of the EcoRI ends was followed by treatment with Klenow plus dNTPs to make the unligated EcoRI and BamHI ends blunt and recircularization by treatment with ligase. Plasmids pZC141 and pZC143 contain the tetA fragments oriented such that transcription proceeds in the same direction as transcription of the bla (Apr) gene.
A 346-bp HindIII-BamHI fragment of pBR322 carrying the 5' portion of the tetA gene but lacking a functional promoter was made blunt with Klenow plus dNTPs and then inserted into EcoRI-cleaved and Klenow-treated pZC132 and pZC134 to yield plasmids pZC153 and pZC155, respectively. These plasmids contain the tetA fragment in the same orientation as that in pZC141 and pZC143.
Plasmid pBR322::REP4 (constructed by C. A. Miller and S. N. Cohen) contains a 322-bp EcoRI-HindIII fragment which consists of four tandem repetitive extragenic palindromic (REP) sequences. The REP4 and control fragments used in these constructions were kindly provided by G. Ames. REP4 is tightly bound by DNA gyrase (39 tains the 1.4-kb HindIII-SalI TnS kan fragment in place of the 0.62-kb HindIII-SalI tet fragment of plasmid pBR322.) The amount of pZC9 recovered served as a control for efficiency of DNA isolation. Plasmid DNA was isolated by a rapid alkaline-sodium dodecyl sulfate lysis procedure (16) . The plasmid DNA isolates were digested with EcoRI to linearize the pZC9 and pSC101 plasmids, which were then separated by electrophoresis on a 1% agarose gel. After staining with ethidium bromide, the intensity of plasmid DNA bands in photographic negatives were quantitated with a Bio-Image Visage 2000 imaging system, and the results were expressed as the ratio of pSC101 DNA-pZC9 DNA relative to that for pZC20 in the same strain. The results were corrected for slight differences in ethidium bromide staining intensity because of the differences in size of the pSC101 derivatives (pZC20, -52, and -117 to -122, 3.9 kb; pZC132 to 135, 3.53 kb). The fraction of cells containing plasmid at the time of plasmid DNA isolation was ascertained by plating dilutions of the cultures on LB and replica plating to LB plus ampicillin medium. RESULTS IHF binding to pSC101 ori is not essential for plasmid maintenance. As noted above, a 3-bp substitution mutation within the IHF binding site in the pSC101 origin region concomitantly abolished IHF binding and plasmid DNA replication (29) . We tested this mutant (referred to as ori-i) plasmid to determine whether our previously characterized IHF bypass mutations in repA (repA7) or topA, which allow replication of wild-type pSC101 plasmids in the absence of IHF, would also allow replication of the plasmid containing ori-i. Derivatives of pSC101 containing the ori-i mutation were constructed by ligating an AvaI-SpeI mutant ori-i fragment of pTS50 (a pBR322::pSC101 ori-i chimeric plasmid kindly provided by T. Stenzel and D. Bastia) to AvaISpeI-digested pZC20 (Apr pSC101 [3] ) or pZC52 (Apr repA7 pSC101 [4] ). As a control, a wild-type ori+ fragment from plasmid pTSBR100 was used in parallel constructions. As topA mutant strains are known to allow propagation of pSC101 derivatives defective in functions that affect plasmid DNA conformation (4, 18) , the ligation mixtures were introduced into strain DPB636 (topA66). As shown in Table 2 , the ori-i mutant plasmids were able to replicate in DPB636; the resulting plasmids were named pZC117 (ori-i repA+) and pZC118 (ori-i rep-7). The corresponding plasmids containing the wild-type ori region were designated pZC115 (ori+ repA+) and pZC116 (ori+ repA7). Surprisingly, plasmid pZC117, which contains the origin region IHF-binding site mutation ori-i, was able to transform all E. coli K-12 strains tested, including topA+ strains, with good efficiency (Table 2 ; also unpublished data). Moreover, the mutant plasmid was stably maintained in these strains during growth in the absence of selection ( Table 2 ), suggesting that replication and partitioning of the plasmid were not significantly affected by the ori-i mutation. Our finding that replication of the pZC117 ori-i plasmid was unimpaired in wild-type E. coli seemed to be at odds with the results obtained by Stenzel et al., in which the IHF-binding site mutation abolished the ability of pSC101 to replicate. However, we noted that the plasmid studied by Stenzel et al. was a pSC101 minimal replicon that contains a 1,452-bp HaeII fragment of pSC101 encompassing the origin region and repA coding sequence ligated to a kanamycin resistance determinant (29) ; this pSC101 replicon lacks the par locus, while pZC117 (ori-i) contains an intact par region.
Effect of mutations in par on the ori-i IHF-binding site mutant plasmid. To specifically test for the effects of par deletion mutations on the propagation of ori-i plasmids, we employed a series of plasmids containing deletions in the par locus; the extent of these deletions is shown in Fig. 1 . Two different par mutations were chosen for this study to determine if the presumptive requirement for the par locus in allowing propagation of ori-i mutant plasmids was dependent on the same sequences required for par function in plasmid stability. It has previously been shown that the severity of the effect of par deletions on partitioning function is correlated with the extent of removal of PR (partitionrelated) segments (34) . Deletion of sequences at the HaeII site of the par locus yields the Cmp-Par' phenotype; while such plasmids are ordinarily stably inherited, they are rapidly and preferentially lost in the presence of Cmp+ Par' pSC101 derivatives (34) . Deletion of the EcoRI-AvaI par segment yields the SuperPar-phenotype, which shows in extreme plasmid instability (34) . Because topA mutations can reverse the effects of par deletions (18) as well as the requirement for IHF (4), the constructs were propagated initially in the topA66 strain DPB636. The par mutant plasmids isolated from DPB636 were then used to transform a series of strains which differed at the topA and himA loci but were otherwise isogenic. Strain DPB635 (wild type) was used to determine the effect of par mutations on the replication of ori-i pSC101; strain DPB683, which contains a mutation (himA452::mini-tet) that affects one subunit of IHF and consequently eliminates IHF function was used to test whether the ori-i mutation, which interferes with IHF binding to the replication origin, mimics the loss of IHF protein for pSC101 replication; strain DPB684 (himA452 topA66) was used to determine whether ori-i affects the ability of topA66 or repA7 to allow replication of pSC101 in the absence of IHF.
As can be seen in Table 3 Table 3 ). The more extensive par deletion (in plasmid pZC134) had greater effects on replication of the ori-i plasmid, as indicated by the plasmid's inability to yield any transformants of DPB635. Plasmid pZC121, which has deleted only a 4-bp segment within the par region and shows the Cmp-Par' phenotype in wild-type E. coli strains, yielded very small transformant colonies in DPB635 and was not stably inherited (Table 3 ).
The topA66 mutation (i.e., strain DPB636) allowed both the replication and stable inheritance of par-deleted ori-I pSC101 plasmids (Table 3) . Similarly, the repA7 mutation, which allowed pSC101 replication in the absence of IHF (pZC52 x DPB683 in Table 3 ) (3) (compare pZC122 with pZC121 and pZC135 with pZC134 x DPB635 in Table 3 ). Unlike topA66, the repA7 mutation could not completely substitute for par in the ori-i mutant plasmids, as evidenced by the unstable propagation of these plasmids in top' strain DPB635. Somewhat surprisingly, the repA7 mutation allowed stable maintenance of par-deleted ori+ plasmids in strain DPB635 (Table 3 Table 3 ), as shown previously (4). The ori-i mutation did not change this result (compare pZC117 and pZC20 x DPB684 in Table 3 ), but it did enhance the negative effect of par mutations on the ability of the repA7 mutation to allow plasmid DNA replication in the him mutant (compare pZC122 and pZC120 x DPB684 in Table  3 ), implying that the ori-i mutation exerts an IHF-independent effect in addition to its previously demonstrated effect on IHF binding to pSC101 DNA.
DPB683 and DPB684 in
Effect of the ori-i mutation on plasmid copy number. As indicated in Table 3 , in several instances transformants carrying the ori-i mutants were obtained on 10 ,ug of ampicillin medium per ml but not on higher (20 to 30 ,ug/ml) concentrations of ampicillin. As the level of ampicillin resistance conferred by the bla gene is known to be dependent on gene dosage (35) , we wanted to know whether plasmid copy number is reduced in these transformants. To assess relative copy number, we isolated plasmid DNA from exponentially growing cultures by using an alkaline lysis procedure, linearized the DNA with restriction endonuclease EcoRI, electrophoresed the DNA in agarose gels, and then quantitated the bands, densitometrically. The ori-i mutant plasmid pZC117 was maintained at a copy number that is similar to that of the ori+ wild-type plasmid, pZC20, in all strains tested.
There were two instances in which ori-i plasmid transformants produced very small colonies on 10 p.g of ampicillin per ml and no colonies on 20 ,ug of ampicillin per ml (i.e., pZC121 x DPB635 and pZC118 x DPB683 [ Table 3 ]); these transformants contained plasmids that were present at reduced copy number relative to the ori+ controls (-0.07 for pZC121 in DPB635 compared with 0.71 for pZC119, both relative to a copy number of 1.0 for the wild-type pZC20 plasmid; and s0.07 for pZC118 and 0.20 for pZC52, both in DPB683, relative to a copy number of 1.0 for the wild-type pZC20 plasmid in DPB635. However, the ori-i plasmids were not stably maintained, and many of the cells had already lost the plasmid prior to DNA isolation, making it difficult to estimate copy number by densitometry in the fraction of those cells that did contain plasmids. Two other transformations yielded colonies that grew up well on 10 ,ug of ampicillin per ml but not at all on 20 ,ug of ampicillin per ml (i.e., pZC134 x DPB636 and pZC122 x DPB684 [ Table 3 ]); these transformants contained plasmids that were stably maintained. The relative copy number of plasmid pZC122 relative to that of pZC20 in DPB684 was 0.51, while plasmid pZC134 was present at a relative copy number of 0.72 in DPB636. We suggest that the observed differences in ampicillin resistance, which are not associated with any substantial decrease in plasmid copy number as determined by densitometric measurement of plasmid DNA concentration, may result from an effect of the ori-i mutation on changes in DNA topology, which previously have been shown to affect the expression of ampicillin resistance by plasmid-borne bla genes (1) .
A fragment containing the tetA promoter can allow replication of the par-deleted ori-i mutant. Results by Beaucage et al. (2) have shown that the introduction of transcriptionally active DNA fragments at certain pSC101 sites can restore stable inheritance to par-deleted plasmids. Moreover, there is evidence that such promoter-induced stabilization involves localized alterations in DNA supercoiling analogous to the transcriptionally related changes in superhelicity that have been observed previously (8, 14, 23, 24, 33, 37) . Since a host mutation (topA66) that alters DNA supercoiling also affects the ability of ori-i Apar plasmids to function as replicons (see above), we wanted to know whether insertion of a strong supercoil-inducing promoter would allow propagation of these plasmids in a wild-type host. We inserted a 375-bp EcoRI-BamHI pBR322 fragment containing the tetA gene promoter and 5' end of the tetracycline resistance gene (31) into the EcoRI site of the par-deleted plasmids pZC132 (Apar ori+) and pZC134 (Apar ori-i) to yield plasmids pZC141 and pZC143, respectively. Plasmids in which the transcriptional orientation of the tet fragment was the same as the bla (Apr) gene (i.e., the direction known to stabilize par-deleted plasmids in wild-type E. coli [2] ) were studied.
As can be seen in Table 4 , insertion of the tetA gene fragment allowed introduction of the ori-i par-deleted plasmid into wild-type strain DPB635 (compare pZC143 with pZC134 x DPB635 in Table 4 ). However, the promotersubstituted ori-i par-deleted plasmid was not stably maintained and was lost very rapidly from DPB635 grown without selection (only 4% of cells contained plasmid pZC143 after 10 generations of nonselective growth), while 100% of DPB635 cells contained an analogous promoter-stabilized ori+ plasmid (pZC141) after 100 generations of nonselective growth, which is consistent with previous observations (2) . A par-deleted ori-i plasmid containing a promoterless control fragment (HindIII-BamHI) that lacked 30 bp at the EcoRI end of the promoter-functional EcoRI-BamHI tetA fragment could not transform DPB635 (compare pZC155 with pZC143 x DPB635 in Table 4 ). The fragment containing the functional promoter was not able to effectively substitute for par in allowing ori-i transformation of the himA topA strain (compare pZC143 and pZC141 x DPB684 in Table 4 ).
Inability of an alternative gyrase-binding site to allow replication of the IHF ORBS mutant. As already noted, the par locus of pSC101 contains a site that binds DNA gyrase tightly (36 Previous work has shown that IHF, a sequence-specific DNA-binding protein that belongs to the family of histonelike proteins in E. coli (9) , normally plays an essential role in pSC101 replication (3, 10) ; however, replication can occur without IHF if the plasmid-encoded initiator protein is specifically mutated (repA7) or if the DNA is subjected to increased negative superhelicity as in a topA strain (3, 4) . IHF binding to DNA is known to induce bending (22, 25, 27, 29, 32, 38) , and it seems likely that the participation of IHF in processes such as site-specific recombination, plasmid replication, transposition, and transcription involves the alteration of DNA conformation. By effecting such an alteration, IHF binding may allow specific protein-protein or protein-DNA contacts to occur (21, 28 (29) . Mutation of the IHF ORBS reduced IHF binding more than 15-fold and concomitantly abolished replication of the pSC101 plasmid (29) . The experiments reported here indicate that the presence of the pSC101 par locus circumvents the effect of mutation of the IHF ORBS. The pSC101 derivative plasmid used in testing the effect of the IHF ORBS mutation (ori-i) in the previous study by Stenzel et al. lacked an intact par locus (29) . Our results suggest that the role of par in allowing propagation of the ori-i mutant plasmid is mediated through its effects on supercoiling. However, the par locus does not function in this regard simply as a gyrase-binding site; a DNA fragment that has been found by Yang and Ames to bind DNA gyrase tightly (REP4 [39] ) does not have equivalent effects (Table  5) .
Mutations in the E. coli topA gene which reduce the activity of topoisomerase I and consequently lead to increased negative supercoiling of pSC101 DNA allow stable maintenance of par-deleted ori+ pSC101 plasmids (18) and also substitute for par to allow replication of the ori-i mutant plasmid. We speculate that conditions of increased negative superhelicity may allow the origin region to assume a conformation that is similar to that produced by IHF binding to less highly supercoiled DNA.
The process of transcription also has been shown to affect supercoiling of DNA (8, 23, 24, 37) , and introduction of the strong tetA promoter into an ori-i plasmid can partially relieve the requirement for par for propagation of this plasmid. Expression of the tetA gene previously has been found to produce alterations in plasmid supercoiling (14, 23, 33, 37) and stabilization of the inheritance of ori+ Apar pSC101 plasmids (2) .
A mutation in the repA gene of pSC101 was isolated previously because of its ability to allow pSC101 replication in the absence of IHF protein (3) . We hypothesized that the mutant RepA protein might interact with origin sequences that lack IHF-induced bends. We now find that the repA7 mutation also is able to partially suppress the requirement for par in the ori-I mutant plasmid (Table 3) , as well as to enable stable maintenance of ori+ par-deleted pSC101 plasmids.
Our finding that the IHF ORBS mutation can alter pSC101 plasmid replication in conjunction with a par mutation or under conditions of limiting DNA gyrase (data not shown) implies that the ORBS mutation affects IHF binding in vivo. However, the finding that the par+ ori-i mutant plasmid in a wild-type strain (pSC117 x DPB635 [ [29] , who showed that ori-i greatly reduced, but did not eliminate, IHF binding) or that IHF has an additional role in pSC101 replication beyond origin region binding. Conversely, our results also suggest that the ori-i mutation has effects on pSC101 replication in addition to blocking IHF binding, since the mutation can alter plasmid propagation even in the absence of IHF (compare pZC118 and pZC52 x DPB683 in Table 3 ).
